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High temperature gas nitrided AISI 304L austenitic stainless steel containing 0.55 wt% N in solid
solution, was corrosion, erosion and corrosion–erosion tested in a jet-like device, using slurry
composed of 3.5% NaCl and quartz particles. Scanning electron microscopy analysis of the damaged
surfaces, mass loss measurements and electrochemical test results were used to understand the effect
of nitrogen on the degradation mechanisms. Increasing the nitrogen content improved the corrosion,
erosion and corrosion–erosion resistance of the AISI 304L austenitic stainless steel. Smoother wear
mark contours observed on the nitrided surfaces indicate a positive effect of nitrogen on the reduction
of the corrosion–erosion synergism.
& 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Synergism between corrosion and wear has a great impact on
the reduction of performance and service life of a wide range of
mechanical systems where stainless steels are used. Damage
mechanisms are complex and it has been shown that this
interaction, even with a slight presence of corrosion or wear,
can generate signiﬁcant increases in mass losses in comparison to
the case when each phenomenon works alone [1–3]. Synergism
can be assessed using Eq. (1)
T ¼ KeoþKcoþDKeþDKc ð1Þ
where T (mass loss obtained in a corrosion–erosion test) is
calculated as the sum of Keo (mass loss obtained in an erosion
test without the inﬂuence of corrosive agents and measured with
a scale), Kco (mass loss obtained through polarization measure-
ments using Faradays equation in a test performed in the same
electrolyte but without particles), DKe (mass loss due to erosion
modiﬁed by corrosion) and DKc (mass loss due to corrosion
modiﬁed by erosion), the synergism S (Eq. (2)) being
S¼DKeþDKc ð2Þ
Other relations (Eqs. (3)–(5)) based on previous equations can
be useful in the evaluation of wear regimes [3]
T ¼ KeþKc ð3Þx: +55 11 30915243.
tschin).
sevier OA license.Ke¼ KeoþDKe ð4Þ
Kc¼ KcoþDKc ð5Þ
where the wear regimes are limited by the Ke/Kc ratio Ke/Kco0,1 Corrosion.
 0,1oKe/Kco1 Corrosion modiﬁed by erosion.
 1oKe/Kco10 Erosion modiﬁed by corrosion.
 Ke/Kc410 Erosion.Stainless steels are very prone to be damaged by synergistic
effects of corrosion and erosion, since its corrosion resistance
depends on the passive layer integrity, which can be easily
broken-down under erosion conditions. Several authors [4–8]
have shown that the increase of the nitrogen content of austenitic
stainless steels leads to an interesting and unusual combination of
properties, granting better corrosion resistance, higher strength
and maintaining at the same time toughness and ductility. Some
studies have reported the beneﬁcial effect of increasing nitrogen
contents on the erosion and cavitation erosion resistance of
duplex stainless steels [9,10]. This result is attributed to the effect
of nitrogen in lowering the stacking fault energy (SFE), leading to
an increase in plasticity and work hardening rate. It has also been
reported that nitrogen additions increase the corrosion–erosion
resistance of martensitic stainless steels [11]. The mechanism
seems to be related to the increase of hardness and reduction of
corrosion of the metallic matrix [12]. However, few studies have
been done on the effect of increasing nitrogen contents on the
corrosion–erosion synergism in austenitic stainless steels.
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nitrogen contents, obtained through high temperature gas nitrid-
ing, on the corrosion–erosion resistance of an AISI 304L austenitic
stainless steel.2. Experimental procedure
2.1. Materials
Specimens of an AISI 304L (18.1Cr–8.3Ni–2.0Mn–0.95Si–
0.03C wt%) austenitic stainless steel were high temperature gas
nitrided (HTGN) in high purity (N2+Ar) at 1473 K under 0.15 MPa
N2 partial pressures. The treatment condition was held for 6 h and
after that, the samples were direct quenched into water. For
comparison purposes, a set of as-received samples were solution
treated under Ar atmosphere at 1373 K during 1 h and cooled
into water.
2.2. Microstructure and hardness
The microstructure of the samples was examined by optical
and scanning electron microscopy (OM and SEM) and X-ray
diffraction (XRD). Nitrogen content of the nitrided specimens
was measured using wavelength dispersive spectrometry (WDS)
[13]. Hardness proﬁles at the transverse section of the nitrided
specimens were measured in a Zwick microhardness tester using
a 100 g load.
2.3. Corrosion–erosion tests
Corrosion–erosion tests were carried out and electrochemi-
cally monitored using a modiﬁed electrochemical cell connected
to a Princeton Applied Research PAR 273 potentiostat. Fig. 1
shows a representation of the setup. The modiﬁed cell uses a
variable speed peristaltic pump to control the electrolyte injec-
tion rate and drives the slurry through a circuit during the erosion
tests. A nozzle with 3.5102 m in diameter created a sub-
merged jet with mean velocity of 4 m/s that impact the surface
with an angle of 901.
The corrosion tests were carried out under the inﬂuence of a
jet of 3.5% NaCl solution while the corrosion–erosion test used the
same electrolyte plus 10 wt% of round quartz particles with sizes
between 300 and 500 mm. The impact angle and velocity were the
same of corrosion tests. The pH of the electrolyte was 5.6,
measured using a Digimed DM22 pH meter. The temperature ofFig. 1. Schematics of the corrosion–erosion testing apparatus.the solution was controlled in all the tests and was held between
294 and 299 K.
The tests were done in an aerated condition and due to
agitation the solution can be supposed as oxygen saturated. All
the specimens were mechanically ground, using SiC emery paper
up to 600 grit, just before the test, to standardize the surface
ﬁnish conditions. Subsequently they were cleaned and rinsed in
an ultrasonic bath. An area of 1.3104 m2 was exposed to the
electrolyte. An Ag/AgCl reference electrode and a Pt bar counter
electrode were used. Scanning was initiated after a 5 min immer-
sion time, starting 100 V below the corrosion potential and
ending when the current density was at least 1103 A. The
tests were carried out with a scanning rate of 1 mV/s.
In a second series of experiments, mass loss measurements
were taken under erosion and corrosion–erosion conditions for
both, the lean nitrogen samples and the HTGN samples containing
0.55 wt% N in the surface. For the erosion tests, the slurry was
composed by distilled water and quartz particles while for
corrosion–erosion conditions, 3.5% NaCl solution plus 10% of
quartz particles were used. The impact parameters were not
changed. Mass losses were measured every 20 min up to the ﬁrst
hour and every hour up to 8 h of testing. A scale with a resolution
of 0.00001 g was used. The reproducibility of the erosion–
corrosion and of the erosion tests was analyzed using statistical
tests and analysis of variance (ANOVA).2.4. Synergism
The T parameter (mass loss obtained in a corrosion–erosion
test) was assessed from the results of the corrosion–erosion tests
and Keo was obtained considering the hypothesis that corrosion is
negligible when testing stainless steels with distilled water [3,14].
On the other hand, Kco was obtained from polarization data and
the procedure described by ASTM G119 standard [15] and Dean
using the passive current density [16].
Finally, it is necessary to point out that passive current density
values under corrosion and corrosion–erosion conditions were
transformed into mass loss data using Faradays equation to
quantify synergism. However, the use of this equation is very
speciﬁc and considers uniform dissolution of one metallic ele-
ment or elements in an alloy. This procedure requires knowing
the chemical composition of the alloy, the atomic weight of
the elements and the valence number of each element in the
chemical dissolution process. Establishing valence numbers for
the dissolution of a stainless steel is not a simple process and the
dissolution of the different elements of the alloy is not homo-
geneous. In this work, Pourbaixs diagrams were used to select the
valence numbers, using potentials and pH values obtained
experimentally [17].3. Results
3.1. Microstructure and hardness
Fig. 2 shows the hardness proﬁle of the HTGN AISI 304L steel.
The nitrogen content at the surface was 0.55 wt% (304LN) and the
nitrided case was 1.5 mm thick. The microstructure of the
samples was composed solely by austenitic grains containing
recrystallization twins (Fig. 3). No precipitates were detected by
SEM analysis indicating that all nitrogen is in solid solution in
austenite. The heat treatment causes a noticeable increase of the
grain size, reported in Table 1, together with the hardness taken
on the surface of the samples.
Fig. 2. Hardness proﬁle of a high temperature gas nitrided AISI 304L stainless steel
sample.
Fig. 3. Austenite grains: (a) solution-annealed condition, (b) HTGN with 0.55 wt%
at the surface. Electrolytic etching with oxalic acid. 50 .
Table 1
Nitrogen content and hardness at the surface of samples and grain size after the
heat treatments.
Material Nitrogen content
at the surface (wt%)
Hardness at the
surface (HV0.1)
Grain size (mm)
304L solubilized 0.02 178710 189.8730.5
304N 0.55 260715 341.6793.1
Table 2
Electrochemical parameters for AISI 304L stainless steel.
Condition Material Corrosion potential
(Ag/AgCl—V)
Passive current
density (A/cm2)
Corrosion under liquid
impingement
304L 0.30870.042 3.77106
304N 0.19470.078 3.01106
Corrosion–erosion
304L 0.50870.025 2.43104
304N 0.51670.023 1.09104
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The results of electrochemical tests are summarized in Table 2.
It is observed that the impact of the particles has a marked effect
on the passive current density, increasing it two orders of
magnitude. This result is in agreement with other studies about
corrosion–erosion of stainless steels [14,18,19]. It can also be
observed that nitrogen reduces the passive current density under
both testing conditions: liquid impingement and corrosion–
erosion, but the reduction is more pronounced in the corrosion–
erosion condition.
3.3. Mass loss measurements
Fig. 4 shows the accumulated mass loss measurements in the
erosion and corrosion–erosion conditions. After a running-in
period, the accumulated mass loss is directly proportional to the
testing time, the results being within a conﬁdence level of 95%. It
can be easily observed that in both types of specimens, solution-
annealed and 0.55 wt% N, the corrosion–erosion condition is more
severe, and that nitrogen improves the erosion and corrosion–
erosion resistance of the steel. Fig. 4 shows the conﬁdence
intervals within a conﬁdence level of 95% for accumulated mass
loss. It is observed that the effect of nitrogen on the degradation
mechanisms is signiﬁcant. According to the statistical analysis of
these results, the most signiﬁcant inﬂuence of nitrogen is pre-
sented after a running-in period. Nevertheless, when the results
are analyzed without considering the type of test, the effect of
nitrogen is validated and it is independent of time during the
running-in period. On the other hand, the conﬁdence intervals
show that the erosion test presents less variability than the
erosion–corrosion test.
3.4. Surface evaluation
Fig. 5 shows the appearance of the eroded surface of a solution-
annealed sample after an erosion test. A typical symmetric Wshaped topography, characteristic of normal impact was observed
as shown in Fig. 6. The depth of the deepest valley is 170 mm for the
solution-annealed sample and 102 mm for the HTGN sample. This
depth is less than the thickness of the nitrided layer (250 mm)
Fig. 4. Accumulated mass losses as a function of exposure time.
Fig. 5. Optical microscopy image of the eroded surface of a solution-annealed
sample tested after 8 h of erosion wear test.
Fig. 6. Two-dimensional proﬁle of the eroded surface of a solution-annealed AISI
304L sample after 8 h of erosion wear test.
Fig. 7. SEM images of the transverse section of a solution-annealed sample tested
under erosion–corrosion. Deformation bands are observed.
Fig. 8. Debris obtained from an eroded surface of a solution-annealed sample.
D. Lo´pez et al. / Tribology International 44 (2011) 610–616 613having a constant nitrogen content around 0.55%, granting that the
wear process is occurring in a homogeneous layer of high nitrogen
steel. This consideration is very important since if this condition is
not achieved, the wear and corrosion mechanisms would signiﬁ-
cantly differ.
Fig. 7 shows a SEM image of a transverse section taken from a
304L solution-annealed sample tested under erosion conditions,showing a work-hardened layer of approximately 10 mm thick.
Fig. 8 shows debris obtained after an erosion test of a solution-
annealed sample. It is possible to observe the plate shape of the
debris, typical of normal impact and showing a forging with
repetitive impact wear mechanism. The debris particles are
magnetic, suggesting that a deformation induced martensitic
transformation occurred as a result of the impact of the erosive
particles. This transformation was conﬁrmed through X-ray
diffraction analysis using grazing angle, as shown in Fig. 9.3.5. Corrosion–erosion synergism
Table 3 shows the parameters obtained from mass loss rate
measurements after 8 h testing (T and Keo) and electrochemical
polarization (Kco). These values were used to calculate the
corrosion–erosion synergism S for both surface conditions, solu-
tion-annealed and high nitrogen stainless steel. Keo, Kco and S are
also described in terms of the percentage of the total mass loss
rate T.
The results show that the nitrided condition has better
resistance to erosion and corrosion–erosion when compared to
solution-annealed condition. The addition of 0.55% N decreased
the total mass loss by 8% and the erosion mass loss by 5%.
D. Lo´pez et al. / Tribology International 44 (2011) 610–616614Synergism between corrosion and wear was greater in the AISI
304L specimens than in the nitrided ones, being reduced by 23%
by the addition of nitrogen. This result can be associated to the
better corrosion resistance of the nitrided AISI 304L steel due to
the formation of a more protective passive layer. The corrosion
term was reduced by 62%, due to nitrogen alloying.
Fig. 10 shows the distribution of the erosion, corrosion and
corrosion–erosion synergism terms for the solution-annealed and
the 0.55 wt% N nitrided specimens. One can see that despite the
corrosion term being very small (102) it has an important
effect on the synergism term. The distribution for erosion, corro-
sion and synergism terms for the nitrided samples is not very
different, being the synergism term 12.15%.
Table 4 shows the corrosion modiﬁed by erosion DKc, erosion
modiﬁed by corrosion DKe and total contribution of the erosion
and corrosion terms, Ke and Kc, calculated using Eqs. (4) and (5).
Distribution of synergism terms DKc and DKe is shown in Fig. 11.
KeXKc ratio is bigger than 10 for both specimens, solution-
annealed and nitrided. This result indicates that degradation of
the surfaces is controlled by erosion in both cases.
Fig. 11 shows that nitrogen addition has a marked beneﬁcial
effect on the corrosion modiﬁed by erosion, DKc. This term
represents 17% of the synergism corrosion–erosion, while in the
specimen without nitrogen, the effect of erosion on corrosion is
40%. This effect is illustrated in Fig. 12, which shows the
topography of a solution-annealed and a nitrided sample after a
corrosion–erosion test. Both surfaces revealed extensive plastic
deformation, lips, craters and extruded material. However, the
surface of the solution-annealed sample shows more irregular
contours on deformed lips, indicating a corrosion process mod-
iﬁed by erosion (Fig. 12a and c). On the other hand, nitrided
surface shows cleaner contours demonstrating a beneﬁcial effect
of nitrogen addition on the corrosion–erosion synergism (Fig. 12b
and c). Further tests are needed to address different ﬂow velo-
cities and geometries.Fig. 9. Grazing angle XRD spectra in a solution-annealed sample before and after
an erosion test.
Table 3
Mass loss rates under corrosion–erosion, erosion and corrosion conditions.
Material Mass loss rate under
corrosion–erosion condition T
(g/cm2 min)
Mass loss rate und
erosion condition
(g/cm2 min)
304L 6.06105 5.18105 (85.46
304LN 5.59105 4.91105 (87.844. Discussion
The corrosion mass loss rates, obtained for both materials, the
solution-annealed and HTGN steel, are very low in comparison
with the erosive mass loss rates. However their effect on the
synergism is noticeable. Part of the particle’s impact energy is
spent in plastic deforming the surface of the specimen, creating
lips, breaking the passive layer in some regions and increasing the
surface area of the material exposed to the corrosive environ-
ment. Corrosion processes have more available material to attack,
leaving lips more vulnerable to be removed by impacts of
particles, establishing a cooperating mechanism between erosion
and corrosion that increase considerably the total mass loss rate.
It has been shown that alloying with nitrogen has a solid-
solution strengthening effect in the bulk material and changes
the dislocation arrangement under plastic deformation [20–24].
These modiﬁcations have important effects on the mechanical
properties of stainless steels. However, the results obtained in this
work show that the effect on the erosion resistance of austenitic
stainless steel is not as noticeable as shown in other research
works with martensitic and duplex stainless steels [25,26].
Accordingly, nitrogen addition did not change the mechanism of
synergy, remaining erosion as the dominant mechanism of sur-
face degradation. However the erosion mass loss rate of the
nitrided samples decreased by 5% in comparison with the solu-
tion-annealed samples.er
Keo
Mass loss rate under
corrosion condition Kco
(g/cm2 min)
Synergism S (g/cm2 min)
%) 1.67108 (0.03%) 8.79106 (14.51%)
%) 6.41109 (0.01%) 6.79106 (12.15%)
Fig. 10. Synergism between erosion and corrosion in AISI 304L stainless steel in
the (a) solution-annealed condition and (b) nitrided condition.
Table 4
Synergism, DKc, DKe, Ke, Kc and erosion–corrosion ratio Ke/Kc in AISI 304L stainless steel in the solution-annealed condition and nitrided condition.
Material S (g/cm
2 min) DKc (g/cm2 min) DKe (g/cm2 min) Ke (g/cm2 min) Kc (g/cm2 min) Ke/Kc
304L 8.79106 3.56106 (40.4%) 5.23106 (59.6%) 5.70105 3.57106 15.9
304LN 6.79106 1.14106 (16.7%) 5.66106 (83.3%) 5.47105 1.14106 47.8
Fig. 11. Distribution of synergism terms in AISI 304L stainless steel in the
(a) solution-annealed condition and (b) nitrided condition.
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steel is clearly increased by alloying with nitrogen, which has a
critical role on the reduction of the synergism. The importance of
the DKe and DKc terms changes with the addition of nitrogen,
passing from DKe¼59,6% and DKc¼40,4% for the solution-
annealed samples to DKe¼83,3% and DKc¼16,7% for the nitrided
samples. Nitrogen decreases the DKc term, which describes the
effect of erosion on corrosion. This result shows that the effect of
nitrogen is more accentuated on the increase of corrosion resis-
tance of the austenitic steel.
One of the mechanisms by which the corrosion resistance of
the steel is increased could be related to the production of
ammonia during the dissolution of the steel surface, increasing
the pH level at the surface and promoting repassivation of the
damaged layer [25,26]. However, other mechanisms have been
proposed such as strengthening of the passive layer by formation
of oxynitrides ﬁlms and nitrates and nitrides formation that act as
local corrosion inhibitors [27,28]. Some studies have reported that
detachment of the passive layer could be favored by coalescence
of vacancies, left by migration of metallic atoms [29]. If these
vacancies are ﬁlled by nitrogen atoms, an additional mechanism
of structural reinforcement could be acting in the improvement of
corrosion resistance by nitrogen additions. Some studies have
reported nitrogen detection in the metal–passive layer interface
[30–33], supporting this hypothesis.Fig. 12. SEM images of the eroded surfaces of AISI 304L samples in the
(a) solution-annealed and (b) HTGN condition after corrosion–erosion testing.
10000 . (c) Schematic drawing representing the effect of nitrogen on the
erosion–corrosion mass removal mechanism.5. Conclusions
0.55 wt% N in solid solution in austenite improves the
corrosion–erosion resistance of the AISI 304L austenitic stainless
steel and reduces erosion in 5%, corrosion in 63% and synergism in
23% when tested in slurry composed by quartz particles and 3.5%
NaCl. However further tests are needed to address different ﬂow
velocities and geometries, such as an elbow.Nitrogen addition decreases the passive current density during
polarization tests of austenitic stainless steel samples tested
under liquid impingement corrosion and corrosion–erosion.
D. Lo´pez et al. / Tribology International 44 (2011) 610–616616Nitrogen alloying increased the repassivation ability of the
passive layer at the surface, reducing the corrosion of lips and
marks left by impact of slurry particles.
The effect of nitrogen on the corrosion–erosion resistance of
austenitic stainless steel is more accentuated through the increase of
its corrosion resistance, illustrated by the decrease of the DKc term,
which describes the effect of erosion on corrosion.Acknowledgments
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